Abstract
Introduction
A shadow mask is a thin membrane structure with numerous apertures, and is located behind a panel or a C.R.T. screen, so that electron beams transited through the apertures are designed to strike the phosphors which are spreaded on the back of the screen. The rest of the beams, not transitted through the apertures, collide with the shadow mask, and generate heat energy to result in temperature rise and the associated deformation of the shadow mask. Thermal deformations of a shadow mask shift the position of the apertures and finally lead to decolorization or degrade picture on the screen due to the mislanding of electron beams.
In association with increasing demands for a large size of C.R.T. with high resolution, the decolorization due to thermal deformation of a shadow mask has been an important subject of study. In this paper, we are concerned with the analysis of thermal deformations by use of a finite element method, and with the calculation of the corresponding landing shift of electron beams on the screen. This will conduce to improving the design of a shadow mask in the aspect of thermal deformation.
There are two types of shadow masks, when classified according to the way a shadow mask is connected to a frame surrounding the shadow mask: one is a bimetal system and the other is a comer-suspension, both of which are designed to compensate for the landing shift of a beam resulting from thermal deformations. We here Limit ourselves to the case of a bimetal system.
In the section to follow, the structure of a shadow mask is briefly described, together with its support system, which compensates for the landing shifts of electron beams. Next the basic assumptions and approximations taken in the present analysis <are discussed, which include assumptions about the heat input, radiation heat exchange, and about effective conductivities and modulus. Then the finite element formulation is described including the nature of the finite elements employed and the resulting nonlinear equation caused by heat radiation. This is followed by the discussion about the solution algorithm. Finally numerical results are discussed and compared with the experimental results. The results suggests that the present numerical simulation may be very efficiently applicable for designing a shadow mask in the aspect of thermal deformations that result in the landing shift of electron beamS.
Description of the shadow mask
The shadow mask is used as a barrier to seperate the individual color selecting electron beams which are designed to strike the three color phosphors. The shadow mask assembly consists of a shadow mask with numerous apertures, frame, and support springs. The shadow mask and surrounding frame are connected by spot welding at several points,and the support springs are attached to the edge or to the corners of the frame. The shadow mask assembly is supported by the support spring fitted into the tapered stud on the C.R.T. wall. The shadow mask has a great number of apertures of which size and shape vary with thickness direction in order to prevent dispersion of electron beams. The three beams are projected onto their preselected phosphors through an aperture in the shadow mask"]. A magnetic shield is attatched to the bottom of the frame to prevent the change of beam trajectory due to the magnetizaion from the enviromental magnetic field and to prevent the degradation of picture by stray electron. The entire interior of the C.R.T. is coated with conductive coatings. The support spring, which compensates for the landing shift of electron beams resulting from thermal deformation, is categorized into a bimetal system and a comer-suspension system. The bimetal system, operated by bending characteristics of bimetals attatched to the support spring, moves the shadow mask assembly towards the screen in such a way that the apertures follow the electron beam path. The comer-suspension system is a direct compensation system which depends solely on the geometry of the support spring. Fig.1 shows the mechanism of the thermal compensation used in the bimetal system and the comer-suspension system. In the present work, the numerical example is taken for the bimetal system, but the case of the comer-suspension system can be dealt with similarly.
. Assumptions and models
Because it is difficult to represent geometry of the shadow mask only with one curvature. a combination of several cutrvatures is employed in general. We rely upon the Bezier surface''', though other methods exist, which can be easily programed to represent the geometry of all types of shadow mask. The Bezier surface express a curved surface via best approximation from vertex coordinates in the rectangular region, and this yields The line velocity of an electron beam with respect to the surface of the shadow mask is not constant, but efforts have been devoted to maintaining constant line velocity. In the present study, we assume a constant line velocity regardless of position and time. Since high voltage difference exists between the shadow mask and electron guns, a large percentage of beam energy is converted into heat energy though a little portion of beams is reflected. Transmitted beams through the apertures in the shadow mask do not directly contribute to temperature rise and a small heat flux exists in the frame due to overscanning and reflection of the electron beams that have collided with the frame 'and magnetic shield. Moreover we need to account for the retrace time during which electron beams are not emitted from electron guns. The heat input power per unit area in the shadow mask can be obtained by taking into account the size of the aperture observed from electron gun side ' and the retrace time as well as the power from the electron gun.
where P Amk : total area of shadow mask, A, : area of aperture, e, , The heat in the shadow mask is transfered via heat conduction in the in-plane directions and via heat radiation on the surface. Heat radiation is the more dominant heat m s f e r mechanism than heat conduction, and the major parts of the heat energy ultimately flow out through radiation. The heat radiating into the inner wall of the C.R.T. from the surface of the shadow mask raises the surrounding temperature, and the radiation heat transfer occurs between the shadow mask and the inner wall of C.R.T. and the screen. To calculate the heat radiation precisely, hence all geometry should be considered for the total C.R.T. system. Moreover, the calculation for radiation necessitates the temperatures as well as the emissivities and the viewfactors for the surrounding geometries including the funnel, the panel and the shield etc. Hence it is too complicated for practical calculation to consider all these as they are. We therefore first estimate average surrounding temperatures by way of a simplified axisymmetric model as shown in Fig. 2 . This simplified axisymmetric model consists of eight components with the uniform temperature, respectline, screen. Note that E , E z, BS, and e,, vary depending upon the six different positions in Fig.2 .
Since there exist numerous slit type appertures on the shadow mask, it is almost impossible to model the shadow mask as it is. Therefore we replace the shadow mask by a shell of the same size with no appertures, introducing so called the effective thermal conductivity and effective elastic constants, which are determined from finite element analysis for the unit representative cell as shown in Fig.3 .
Fig. 3. Models for effective material constants
To determine the effective conductivity k,, in the x,direction, we impose a constant temperature on the right side in Fig.4 and prescribe a heat flux on the left side while the top and the bottom sides are insulated. We can calculate the average temperature on the right side from finite element analysis, and the effective conductivity k,, is now obtained such as
The effective conductivity k , , can be determined in the same way. Similarly, we can determine the effective elastic constants. As shown in Fig. 5 , the lower and the left side are simply supported and on the right side imposed is a uniform displacement while the constraint of the uniform displacements in the x2 direction is to be maintained upon the top side. Young's modulus and Poission's ratio are then given as where F, is the total reaction force in the x1 direction on the right side. Young's modulus in the x2 direction E, can be found similarly from the second figure in Fig. 5 .
Fig. 5. Boundary conditions for evaluation of effective elastic modulus
In order to take into consideration the change of the shape and the size of aperture through thickness, the shadow mask is modeled as a multi-layered laminate each layer of which has different thermal conductivities and elastic constants as shown in Fig.6 . The exact path of an electron beam emitted from the electron gun may be obtained by solving for entire magnetic filed generated from deflection coil. In this study, we assume that the motion of electron beam is straight line started from a fixed deflection center. Because it is difficult to find the exact beam rrajectory, the beam landing shift, which is the line segment vector between the beam striking points for the undeformed and the deformed mask, is calculated by finding a point of intersection between the mask surface and the trajectory of beam for the undeformed and deformed configuration. For this, we use the Newton method, which is given such 
Finite Element Formulation
In the present analysis, we employ the so called degenerated finite element^'^'^' for the analysis of shell structures. This approach avoids the complexities of the shell theories by representing the behavior of the three dimensional element with six degrees of freedom for displacements and rotations. Two basic assumptions are adopted in this method. Firstly, it is assumed that the normal surface to the mid-surface remains straight 'after deformation. Secondly, the stress component normal to the mid-surface is constrained to be zero.
For a shell with small curvature, the governing equation for heat transfer involving the in-plane conduction and the out of plane radiation may be written The equlibrium equation, taking into account the aforementioned two basic assumptions for degeneration, can be changed in the weak form via the principle of virtual work for a shell. Then, we can obtain the finite element formulation for deformation analysis based upon the results of thermal analysis. The final equation is given as -
Example
For illustration, we choose a 21" FST(Fu1l Square Tube) shadow mask, which is made of Al-Killed steel. The geometry of the mask is expressed by the two step curvature, and the aperture shape is of slit type. The connection between the mask and the frame is spot welding placed at the four comers and on the middle of the four sides, and the support spring type is the bimetal system, which has bimetal between frame and support spring. The material constants and the emissivities are given in Table 1 and Table 2 . We analyze the temperature distribution and the deformations of the shadow mask with the support spring for the time 5 , 10,20, 30 and 60 minutes from operation. The schematic figure is shown in Fig.7 .
Temperature distribution, deformed configuration with magnification factor of 100, and the beam landing shift contours are shown in Fig.8 through 16 for various time. The algebraic sign of beam landing shift is defined to be positive when the landing shift vector is in the outer direction of panel and to be negative when it is in the inner direction. The temperatures on the center of the shadow mask are compared with the average temperatures of the frame as time elapses in Fig. 17 As seen from these figures, during the early stage of operation the out-of-plane deformation is dominant (Fig. 10) while the out-of-plane deformation decreases as operation time elapses (Fig. 1 1) because of decreasing temperature difference between the shadow mask and the frame as will be explained in the paragraph to follow.
At five minutes of operation, in which the frame is in low temperature and therefore the bimetal support spring is not activated yet, the beam landing shift is approximately symmetric about the y axis, as seen in Fig. 12. As the frame temperature rises, however the frame is expanded by thermal strain, and the support springs are subjected to compression and then moved in the normal and tangential directions of the outer edge of frame. From this deformation, which occurs due to the peculiar shape of the support spring, the unsymmetric beam landing shift associated with rigid body rotation occurs on the shadow mask as shown in Fig.13 through   16 . As discussed earlier, compensation of thermal deformation is attained via pushing the shadow mask towards the screen direction.
In an early stage approximately up to five minutes of operation, the temperature difference between the shadow mask and the frame increases as seen in Fig.17 . When the temperature in the shadow mask is rapidly raised in the beginning stage, the deformations in the out-of-plane direction are greater than those in the inplane direction because the frame, which is in relatively lower temperature, constrain the shadow mask. During this early stage, as seen in Fig.18 , the beam landing shift occurs in the inner direction on the panel or negative. After five minutes of the operation, the temperature difference between the shadow mask and the frame begins to decrease and thus the in-plane deformations increase due to expansion of the frame while the out-ofplane deformations decrease( compare Fig. 11 with Fig.10 ). This type deformation causes the beam landing shift to occur in the outer direction on the panel(positive). From Fig.18 it is seen that about five minutes of operation appears to be such a transition time. After this transition time, the in-plane deformation begins to increase rapidly and the beam landing shift will increase in the outer direction on the panel@ositive). However, at the same time the frame is heated and then the bimetal support spring begins to be activated so that the beam landing shift is compensated and the abrupt increase of the landing shift in the positive is stabilized after 25-30 minutes of operation as seen in Fig. 18 .
As seen in Fig.18 , the prediction for the landing shift trend of the beam is in good agreement with the test results. This suggests that the present finite element scheme may be efficiently employed for thermal deformation design of a shadow mask.
